The authors propose a new methodology called the "coupled-hazard approach" to study the global diffusion of technological innovations. Beyond its ability to describe discontinuous diffusion patterns, the method explicitly recognizes the conceptual difference between the timing of a country's introduction of the new technology (the so-called implementation stage; Rogers 1983) and the timing of the innovation's full adoption in the country (the confirmation stage). To illustrate the method, the authors apply it to the global diffusion of digital telecommunications switches across more than 160 countries.
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consumer goods. In particular, they often exhibit "network externalities" (Katz and Shapiro 1985) , in which consumers benefit from other consumers' use of a product based on the same technology. The existence of network externalities requires increased coordination of consumer adoptions because, the technology's value depends on the total size of the adopter population. Network externalities often result in the imposition of a standard or of special regulations on users (Economides 1996) . As a result, the diffusion path of the new technology may occur in blocks or packets, which makes the diffusion process discontinuous. The need for increased consumer coordination and the setting of standards or regulations also means that, beyond individual consumers' adoption decisions, the diffusion process of technological innovations is typically influenced to some extent by central decision makers, especially in the early stages of the diffusion process.2 For telecommunications innovations, for example, the local PTT (posts, telegraphs, and telephones) or the government (in European countries) or the Federal Communications Commission (in the United States) acts as a key decision maker in setting standards and regulations, which in turn influence the product's diffusion path, especially in the implementation stage. As such, heterogeneity across countries in the role, influence, and power of these central agencies might result in vastly different diffusion patterns. In some countries, especially small ones, for example, the central decision-making unit might decide to replace the old technology fully with a new one at the trial stage, which would make the implementation and confirmation stages indistinguishable.
We illustrate this problem in Table 1 , which gives four diffusion scenarios. For country C1, the implementation and confirmation stages cannot be distinguished. In the case of digital communication switches, for example, Gabon, Gambia, and Jamaica implemented digital technology ubiquitously within their first year of adoption. This type of adoption behavior (100% penetration in the first year) runs counter to the notion that adoption patterns in every social system follow an S-shaped penetration curve. Whereas some countries reach full penetration at the moment of adoption, others exhibit a diffusion pattern that resembles the familiar S-shaped adoption pattern (e.g., country C2 in Table I ). In the same working example, this was the case for countries such as France, Finland, Hong Kong, and the Dominican Republic, which maintained a mixture of digital and analogue telecommunications networks for several years after their initial trials of the newer digital technology. It should be noted that both forms of within-country diffusion (i.e., instantaneous versus gradual substitution) can occur for both innovative (early-trial) and laggard (lateadopter) countries, as is illustrated by countries C3 and C4 in Table 1 . Again in the digitization example, Gabon and Gambia went to immediate full substitution in 1987, whereas the Maldives did so in 1991. As for the gradual substitution, France started the process in 1981, whereas Israel initiated the process only eight years later. As such, a global diffusion model for technological innovations must simultaneously accommodate and explain a wide variety of (continuous and discontinuous) within-country diffusion patterns and should capture variations in both the starting time of the diffusion process and the subsequent diffusion path.
New technological innovations often complement or modify existing ones that themselves have already undergone, or are still undergoing, a diffusion process. Examples include the substitution of analogue telephone switches with digital ones and the evolution of computer standards over time. As Norton and Bass (1987, 1992) illustrate, both diffusion processes are interlinked, raising the questions (1) whether the old technology will be fully replaced by a newer generation and (2) how the size of the old technology's installed base will affect the speed of diffusion of the new generation. We explicitly consider the substitution issue and measure the impact of the old technology's installed base on both stages in the international diffusion process.
We develop a coupled-hazard model, which can incorporate all aspects of the global diffusion process of technological innovations we have mentioned. In particular, in addition to being flexible enough to test various research hypotheses, the proposed approach can distinguish clearly between the different stages of the global diffusion process and quantify the link between them. Furthermore, it can accommodate irregular diffusion patterns by allowing full adoption in the first year for some countries and gradual adoption in others. Finally, it enables us to estimate the impact of the old technology's installed base on the diffusion process of the new technology. In the next step, we illustrate the method using data on the timing of digital telecommunications network implementation (first digital system installation) and full substitution (replacement of all analogue systems by digital systems in a given country) across the global marketplace. We consider more than 160 countries located across all continents: 51 in Africa, 38 in Asia, 37 in the Americas, 27 in Europe, and 9 in Oceania.3 In this context, we generate substantive insights with respect to four general factors of theoretical interest for global diffusion: (1) economic, (2) social/demographic, (3) installed base, and (4) international experience factors. In doing so, we identify characteristics that enable researchers and managers to distinguish between countries along Rogers's (1983) "innovator-laggard" continuum, and we quantify the differential impact of these characteristics on the subsequent speed of diffusion after initial trial.
We first present a theoretical framework and related research hypotheses. Next, we present the coupled-hazard Global Diffusion of Innovations 49 modeling approach. Throughout the model presentation, we refer to the digitization of telecommunications services as a working illustration. After the model discussion, we turn to the empirical findings. We conclude with caveats and suggestions for further research.
THEORETICAL FRAMEWORK
Using hundreds of studies in various disciplines (e.g., sociology, education, marketing, economics) as a basis, Rogers (1983, p. 10) defines diffusion as the adoption of an innovation "over time among the members of a social system." Each individual in the social system is thought to go through four stages of adoption: awareness, interest/intention, implementation, and confirmation. We seek to extend diffusion theories to explain the implementation and confirmation stages, during which diffusion takes place across the different countries of the world, that is, when the community of nations is the social system of interest. The awareness and interest stages are difficult to measure directly and may become increasingly invariant across countries because of the emergence of the information age. In other words, all countries and governments can be assumed to know of a given innovation shortly after its discovery or invention. In the telecommunications industry, for example, all countries are members of the International Telecommunications Union, which regularly reports the existence of innovations to governments.
The Implementation Stage
In contrast to previously published studies that focus on a comparison of within-country diffusion parameters based on Bass's (1969) model, we first want to understand the forces driving the start of a country's diffusion process, which logically precedes any subsequent comparison of penetration levels. The great variability in the trial time of digital communication systems, for example, is illustrated in Figure 1 . The figure shows both the actual number of countries introducing digital technology in a given year and the number of adopters predicted by Easingwood, Mahajan, and Muller's (1983) aggregate diffusion model. The figure displays the familiar bellshaped diffusion pattern. Although it gives a parsimonious description of how fast the innovation will be accepted across the world, it does not help management understand why certain countries adopt sooner than others. Indeed, the aggregate diffusion model used to make the forecasts ignores differences among countries and cannot explain why in a given year some countries have a higher probability of adopting than others.
Micro-level models relax this homogeneity assumption and allow a heterogeneous probability of adoption across potential adopters (Chatterjee and Eliashberg 1990; Sinha and Chandrashekaran 1992). Moreover, because the unit of analysis is at the individual level, various causal factors that may affect the individual adoption decision can then be included directly into the model and formally tested. In our context, the individual-level hazard model we use will help classify countries along Rogers's innovator-laggard spectrum and answer the question, Does the profile of an innovative country differ from that of a laggard country, and if so, what are the distinguishing features?
The Confirmation Stage
As indicated by Rogers (1983) , the decision to try a new technology is not necessarily the terminal stage in the innovation decision process. During the confirmation stage, the decision-making unit seeks additional information or experiences the relative performance of the new technology, after which it may decide to accelerate, discontinue, or even reverse the diffusion process. As discussed previously, this second stage can also be characterized by a substantial amount of variability across countries. Beyond explaining the trial phase of the diffusion process, the coupled-hazard model simultaneously enables us to understand what forces affect the rate at which different countries reach full confirmation, as reflected in full substitution of the old technology by the new one.
Diffusion Patterns
For most innovations, the adoption process of each country starts with the implementation stage, which is followed by the confirmation stage, and each stage takes up a finite amount of time. However, for technological innovations, as a result of network externalities and/or the involvement of central decision makers, within-country diffusion might be instantaneous, and as such, the confirmation stage of certain countries may have zero duration.4 Thus, we can observe two broad adoption patterns. In one, a country first tries the innovation partially and reaches full adoption gradually. In the other, the country reaches full adoption immediately at the time of trial.
To describe the underlying dynamics of the resulting diffusion patterns, it is important to realize that, at any given time, each country will be in one of the following three (exhaustive and mutually exclusive) states (see Figure 2) 
Research Hypotheses
Given our conceptualization, our goal is to gain insights into how country characteristics affect the three transitions described previously: (1) reaching partial adoption, (2) reaching immediate full substitution, and (3) reaching full substitution after partial trial. To do so, we extend diffusion theory to the global theater by considering four theoretical factors: (1) economic, (2) social/demographic, (3) installedbase, and (4) international experience factors. Although many of our hypotheses are applicable to innovations in general, some consider special characteristics of technological innovations, as is highlighted in the introduction.
Our first hypothesis is related to a country's wealth and is derived directly from the diffusion literature. Rogers ( and r3 than on ri.
Our second hypothesis is related to the heterogeneity of a country's social system. Diffusion theory predicts that innovations diffuse more slowly in heterogeneous social systems (Gatignon and Robertson 1985) . In the presence of a central decision-making unit, this effect still holds, as the decisionmaking unit may experience some difficulties in forcing all social system members to adopt the innovation. Therefore, industrywide consensus and coordination remain important in promoting the confirmation stage. We therefore expect that countries with heterogeneous social systems, where consensus and coordination are harder to obtain, will tend to reach full confirmation later, and we hypothesize a negative impact of social system heterogeneity on r2 and r3. In addition, although the implementation or trial stage depends more on the autonomous decision of the central decision maker (instead of the coordination of social system members), the social system might still be able to exert pressure on the central decision-making unit. Again, such pressure is more likely to be effective in the presence of coordination and consensus between social system members. Thus, social system heterogeneity may negatively influence country adoption timing too, which would translate into a negative impact on r, and r2. In their study on the diffusion of cellular telephone systems, Dekimpe, Parker, and Sarvary (2000) find support for the latter hypothesis: Social heterogeneity tends to delay the implementation stage. Given that the role of social system members is more pronounced in the confirmation stage, we hypothesize that social system heterogeneity has a stronger effect on r2 and r3 than on r1. In summary, we formally test the following hypotheses:
H2a: The three transition rates are negatively related to the heterogeneity of the country's social system. H2b: The effect of social system heterogeneity is larger on r2 and r3 than on ri.
Our third hypothesis is related to the installed base of the old technology. Different factors are to be considered, such as the cost associated with the replacement of the old technology and network externalities. As the cost of replacing the old technology increases with the size of its installed base (Antonelli 1993), we hypothesize that full adoption (confirmation) of the new technology takes longer for countries with a large installed base of the old technology, which results in a negative impact on r2 and r3. Another factor, network externalities, may influence both stages of the adoption process. The economics literature on network externalities (e.g., Katz and Shapiro 1985 , 1986 Shy 1996) argues that technologies with large installed bases tend to persist (become standards) even if better alternatives become available (a classic example being the QWERTY keyboard). The reason is that the incentives for a person to switch are smaller if the majority of other consumers are still using the old technology, and as a result the benefits of the new technology are significantly reduced. In other words, the (full) conversion of a larger installed base requires more coordination effort from the adopter population (or the central decision maker involved). As such, we expect this "technological inertia" to affect all three transition rates negatively.5 However, because we expect the cost argument to be much more prevalent in the full-substitution decision, we hypothesize the effect of installed base to be stronger on r2 and r3 than on rl.
H3a: The three transition rates are negatively related to the size of the old technology's installed base. H3b: The installed base's effect is stronger on r2 and r3 than on ri.
Our first three hypotheses consider exogenous factors specific to the country. Our next hypothesis considers a factor that is endogenous and relates to the worldwide diffusion process. It describes the effect of the cumulative international experience with the technology on a single country's diffusion process. Cumulative adoption by other countries may affect a single country in many ways. It represents a large network for the new technology, and to the extent that network externalities operate across consumers located in 
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different countries (as is the case for telecommunications innovations, for example), the size of the international network helps the adoption process within a country (Arthur 1996) .6 It also provides increased incentives for a country that has not yet adopted the innovation to do so. Beyond network externalities, adoption by other countries also represents increased experience from which an individual country can benefit. For later adopters, the uncertainty associated with the new technology's relative advantage is significantly reduced. Furthermore, as the total number of worldwide adopters increases, better management methods and equipment may be available to allow for a smooth and less risky transition to the new technology. As such, we expect that later adopters can free ride on the experience of earlier adopters with the new technology. Finally, traditional wordof-mouth processes and peer pressure by other adopting members may also operate across countries (Mahajan and Muller 1994; Putsis et al. 1997), and this again promotes both stages of the diffusion process in a single country. Because we expect the cumulative international experience to increase over time, these effects also mean that countries adopting the innovation later will experience faster withincountry diffusion. In their study on the diffusion of consumer durables in the Pacific Rim, Takada and Jain (1991) find that lagged adoption leads to an accelerated subsequent diffusion, a finding confirmed for other countries and product categories by Ganesh and Kumar (1996) 
EMPIRICAL MODEL DEVELOPMENT
This section develops a formal statistical model to test the hypotheses outlined previously. We model time until trial and time until confirmation through two interdependent failure-time processes, each of which has two states, 0 (reflecting, respectively, that no trial has been initiated or that no confirmation has been reached yet) and I (when trial has been initiated for the trial process or when full substitution has been reached for the confirmation process).
The joint evolution of both processes is modeled through the coupled approach described by Petersen (1995) To test the relevant research hypotheses, a formal relation still needs to be specified between the transition rates and the covariates of interest: interdependence between two hazard processes can be specified as a rate dependence (in which the hazard rate of one process depends on the rate of the other)9 or as a state dependence (in which the hazard of one process depends on the state of the other process). The coupled framework described previously is situated within the second research tradition,10 in that the rate with which full substitution is obtained (the confirmation process) depends on the state of the implementation process. As such, three sets of parameters (r1, r2, and r3) are estimated to describe the two stages of the adoption process. None of these three transition rates can be individually identified with either of the two stages (implementation and confirmation); rather, it is the combination of all three rates that provides a full picture of the two interlinked stages. Apart from this state dependence, the model also allows for a so-called ( 1993 (66%) was available, so 1993 was taken to be the censoring point for that country. Therefore, we take a conservative approach: For those countries for which a 100% substitution rate is not reported, we censor at the last year for which reliable data are available. In doing so, we take all useful information into account, because the survival function for those countries reveals that in the time span we observe (which may vary from country to country) no full substitution was reached. The relative frequency of the different scenarios described in the modeling section is given in Table  2 , where we also give the relative frequencies of censored and completed observations when estimating the three transition rates separately. Data on these explanatory variables were collected from Euromonitor Ltd. and the World Factbook (Central Intelligence Agency 1993). One of them, the size of the existing telephone network, is time varying. All other covariates are treated as time-invariant; that is, we assume that they did not vary in a systematic fashion over the considered time span. Relevant summary statistics are presented in Table 3 , and traditional collinearity tests revealed no serious problems between the time-invariant covariates. Ideally, a multi-item scale should be developed for each of the constructs discussed in the theory section. However, as applied interna13Similar substantive findings (sign and significance) were obtained when we used other skewness-reducing transformations (e.g., the square root) or when working with the untransformed observations. 
Operationalization of the
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tional researchers are well aware, it is difficult to find globally representative proxies for more than 160 countries. There are several options for operationalizing the timevarying construct "cumulative international experience." We implement three operationalizations. First, as Helsen and Schmittlein (1993) argue, we can operationalize it with the passage of time. In this context, the positive effect of experience on the process is reflected in an increasing base transition rate. For r3, the baseline hazard captures the additional experience since arrival into State [1,0] . However, the extent of international experience upon arrival in State [1,0] will be larger for laggards than for early adopters, and therefore in H4b we hypothesized an additional positive impact on r3 of the year of trial, which implies that countries that try the innovation later will reach full confirmation sooner. A second operationalization of the international experience effect uses the total number of countries that have already tried the technological innovation. This operationalization is in line with the interfirm diffusion literature (see, e.g., Ganesh and Kumar 1996) and measures each country's adoption as a dichotomous variable (i.e., has or has not adopted; but this variable does not yet take into account the extent of the adoption). Third, the total number of innovations (e.g., digital switches) adopted in the world could also be used. This approach is consistent with the learning measures proposed by Mahajan and Muller (1994) and Putsis et al. (1997) , among others. In this case, the influence of the different countries is not uniform but weighted by their own accumulated experience. 14
Analysis
Parameter estimates for the respective transition rates are given in Table 4 , where we operationalize the international experience effect through the (Weibull) baseline specification (see Helsen and Schmittlein 1993). The slope coefficient of the Weibull baseline (yj) is positive and significant in each of the three transition rates, thereby in support of H4a. The upward pattern in r3 supports the notion that the experience (own + others') gained after arriving in State [1,0] positively affects the subsequent substitution rate. However, in H4b, we also postulated that the time of entry in State [1,0] affects this transition rate, as later entrants benefit from more accumulated prior experience. This hypothesis was also supported by the data, as is evidenced by the positive and significant coefficient of the time-of-trial variable, thereby confirming previous research findings by Takada and Jain (1991) and Ganesh and Kumar (1996) .
We now turn to the other factors, which stand to characterize cross-sectionally the three transition rates. Hia states that all three transition rates should be faster for wealthier countries. This hypothesis is supported, which implies that richer countries complete the confirmation as well as the implementation stage faster. A likelihood ratio test on the equality of its impact on the three transition rates could not be rejected, however (LR = 1.914 < X2.90, 2df); that is, Hib is not supported.
H2a argues that the ethnic heterogeneity of a country has a negative impact on all three transition rates. This hypothesis was only partially supported. Although ethnic heterogeneity had a negative impact on transition rates r2 and r3, which confirms the conjecture by Gatignon and Robertson (1985) , it did not affect r, (thereby supporting the differential effects hypothesis, H2b). This verifies our conjecture that social consensus is not as crucial for the trial phase of the diffusion process as for the confirmation phase.
Similar to ethnic heterogeneity, the impact of the old technology's installed base had a strong negative impact on r2 and r3 (partially supporting H3a) but no impact on r, (supporting H3b). Consistent with Antonelli's (1993) 
Robustness Tests
Sensitivity to the operationalization of international experience. In Table 4 , we operationalized the international experience effect through an increasing baseline hazard in the respective transition rates. As a validation check, we implemented the two other operationalizations discussed previously: the number of countries that have adopted the new technology and the number of lines that have been switched to the new technology.16 As illustrated in Table 5 , in every instance support for H4a was still found, as was reflected in the significant, positive coefficients of the experience effect in each of the transition rates. Moreover, the other substantive insights were again comparable to the ones reported in Table 4 (detailed results are available from the authors on request).17 When we incorporated as separate covariates into r3 the cumulative number of foreign lines already switched and the cumulative number of own lines already substituted, we found the latter coefficient to be positive and significant, which thereby supports H5.
Can decreasing prices explain the increasing baseline hazard? An alternative hypothesis for the increasing baseline hazard in Table 4 could be a decreasing price trend for the digital switches, as is often the case for technological innovations. We did not have price data over time for the different countries in our data set but collected monthly (inflation-adjusted) U.S. price data for the period from January 1986 to December 1993. A deterministic trend regression on these data did not reveal a negative price evolution, however [itrend = +.03; ttrend = 3.26].
Relaxation of the full-substitution requirement. Thus far, we defined confirmation as a 100% substitution rate, which clearly is a fairly stringent criterion. The time needed to reach 90% substitution could also be considered, which corresponds to the takeover time in Fisher and Pry's (1971) specification. This less stringent definition of confirmation caused more observations to fall under Scenarios B and D, as described in Panel B of Table 2 , and therefore more completed observations in the estimation of the respective transition rates. Overall, the same substantive conclusions were obtained (see Table 6 ): (1) richer countries are more innovative, (2) heterogeneity in the social system delays confirmation, (3) the size of the installed base affects the speed of obtaining full confirmation but not the time of trial, (4) cumulative international experience matters for all three transition rates, and (5) later adopters reach full substitution earlier. The only difference observed was in rate r3, for which the GNP-per-capita variable, though still positive, was no longer significant.
SUMMARY AND EXTENSIONS
Diffusion processes result in the acceptance or penetration of a new idea, behavior, or physical innovation over time by a given social system. In a global context, when the social system is the community of nations, we theorize that diffusion across countries takes place in two distinct, though related, phases: the implementation or trial stage and the confirmation stage. In this article, we propose a coupledhazard approach to model this process and test research hypotheses generated from the extant literature. Our objective was to understand the diffusion dynamics of a special product category, technological innovations, which requires that diffusion theory and the resulting models be adapted to take 16As indicated previously, to avoid multicollinearity problems among the different time-varying covariates, we incorporated these other measures of international experience in a model with an exponential baseline hazard. Similarly, both new operationalizations were implemented one at a time.
17The only difference was that GNP per capita was no longer significant in rt (both new operationalizations) and r2 (when working with the number of lines switched), even though the signs remained positive. into account the effects of network externalities, such as the potential for a non-S-shaped diffusion pattern in some countries (e.g., due to immediate full substitution) and the considerable impact of the old technology's installed base. Our empirical results provide interesting theoretical insights and have important managerial implications. We find strong international contagion effects: The more countries that have adopted or the longer the international experience with an innovation, the higher the chances that other countries will also implement the innovation. For the empirical case studied (digital telephony), we also find that innovative countries are wealthier (consistent with Gatignon and Robertson's [1985] observation at the individual level for consumer goods). We also find that countries with homogeneous social systems reach full confirmation faster (as hypothesized by Gatignon and Robertson 1985) and that laggard countries have faster within-country diffusion rates (consistent with Takada and Jain 1991). For the rates describing transitions to full substitution (i.e., r2 and r3), our data provide strong evidence for a negative installed-base effect.
Our empirical findings are based on the observed diffusion process of one high-technology industrial product. Still, our modeling approach is general, and with minor modifications it is applicable to the global diffusion of all product innovations. For example, the globalization process may be the result of what Rogers (1983) calls a "centralized" process, whereby the firm (i.e., the change agent) systematically determines where the innovation should be sold next. In other cases, as in this particular application, diffusion is of a "decentralized" nature if the manufacturers themselves do not determine when sales will begin in a specific country, but instead individual governments determine (even though the firms may try to influence that decision) the point from which the innovation is either implemented or fully confirmed. This decentralized nature of the diffusion process is reflected in our choice of covariates, in that they describe characteristics of the countries rather than those of technology providers such as Alcatel, AT&T, Ericsson, or Siemens.18 Further research that considers centralized diffusion processes, using the modeling approach presented, may find support for some of the hypotheses presented and may therefore lead to greater insights into globalization patterns.
On a more technical level, several extensions to the proposed coupled approach could be envisioned. First, we modeled the interdependence between the implementation and confirmation processes by means of a state dependency (Petersen 1995); that is, the relevant rate of change in the confirmation process (r2 versus r3) was a function of the state of the implementation process (0 or I). In addition, we modeled the rate of full substitution after partial trial (i.e., r3) as an explicit function of the time of trial, which reflects what Flinn and Heckman (1982) call a lagged-duration dependence. As indicated previously, we could also model the interdependence between both processes as rate dependencies, that is, model the confirmation rate as a function of the implementation rate (and/or vice versa). This would result in a simultaneous or recursive system of hazard rates, as was recently explored by Lillard (1993) . A third way of modeling the interdependence between the relevant durations would be to combine the respective univariate distributions into a correlated multivariate distribution, as Chintagunta and Haldar (1998) illustrate for the bivariate case. More research on the relative advantages of the different approaches would be useful but is beyond the scope of this research. Second, our framework allowed for interdependence only through the observed covariates. No correction for unobserved heterogeneity, possibly correlated across the three transition rates, was made. A useful extension may be to add such a correction to the proposed model. Third, we did not allow for a reversal of the diffusion process. Although this phenomenon did not occur for the technology at hand, it might well occur for other innovations. The coupled approach given in Figure 3 
